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D aily cycles of light and dark are at once highly predictable and extremely stressful to living organisms. Life has thus evolved numerous strategies to use the physical properties of light-for example, to maintain a distinct orientation in space (vision) and time (the circadian clock). Circadian biological clocks regulate processes from gene expression to behavior via a complex network-from molecule to cell to organ to organism to population-that requires exquisite coordination between all levels such that events occur at an optimal time (1) (2) (3) . At the most basic, molecular level, many components that regulate daily timing are known (so-called clock genes), functioning as a transcriptional negative feedback loop. As more components are identified, forming additional and interlocked regulatory loops, the model of the molecular clock has become one of a complex molecular network (4, 5) . In theoretical terms, the molecular network could be viewed as similar to the network that is formed by cells and organs with respect to their daily oscillations (3) . We remain ill-equipped to probe the system as a network-whether on the molecular or cellular levels-although this is clearly essential for our understanding of circadian clock properties. To do so, we would benefit from using the simplest animal model genetic organism, Caenorhabditis elegans, whose developmental timing and cell connectivity are known in detail.
Previously, protocols used for clock research on the nematode, C. elegans (6) (7) (8) (9) (10) (11) (12) , have shown circadian rhythms in behaviors (e.g., locomotor activity, defecation, and pharyngeal pumping rate), metabolism (e.g., resistance to osmotic stress), or the expression of hundreds of genes without a connection to rhythmic behaviors. Clearly, taken together, one would conclude that the nematode has a circadian system. How it relates to the system of other animals is not clear, however, and it is via a comparative approach that clocks research has made important advances. Our aim here is to investigate how or if the clock in the worm shares features with clocks in other animals.
As a starting point, we note that although the strongest zeitgeber for the circadian clock is usually light (13) , likely due to its predictability from day to day and year to year, C. elegans is soildwelling and not generally exposed to light. Organisms, like the nematode, that evolved within spatial niches devoid of light often lack energetically costly and complex light-shielding or -detecting mechanisms such as pigmentation or eyes (14) . How would a dark clock synchronize with the natural environment? Many clocks use nonphotic signals, such as temperature, that oscillate reliably each 24 h (15-17) as a consequence of the light cycle.
We have thus taken an ecological approach, invoking cyclic conditions similar to those found in soil (18) . Specifically, we imposed low-amplitude temperature cycles in darkness on nematodes as they proceeded through development from egg to adult. With this protocol, we found rhythms in a previously reported clock-regulated RNA and in the oxidation state of peroxiredoxin (PRX), a widely conserved molecular marker of circadian rhythms, confirming our experimental design. Further, we show daily oscillations in a behavior, olfaction, under entrainment as well as in constant conditions. Olfaction is also clock-regulated in insects and mammals (19) (20) (21) . Finally, we find rhythms in the amount of a key protein kinase that is involved in regulating olfaction in C. elegans, Drosophila, and mammals. This protein is rhythmic also in Drosophila, thus extending our observations of functional and molecular components that oscillate according to time of day in C. elegans as in other animals. The circadian program in the nematode operates despite the lack of clock gene orthologs that function as predicted.
Results
To discern daily oscillations in a population, it is critical that the individuals are synchronized relative to one another. If not, rhythmicity is not obvious due to an averaging effect. Concerning daily timing, synchronization is accomplished through a process called circadian entrainment (22, 23) , whereby zeitgebers are used by the clock for information on time of day. Cultivation protocols were therefore designed to mimic regular, daily, zeitgeber cycles that would occur in soil. Temperature cycles were thus structured within a 24 h period, oscillating between 13°C and 16°C. Under these conditions, development from egg to adult takes 5 d ( Fig. 1A and Fig. S1 ). As day 1 adults, the animals were either kept in the This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: merrow@lmu.de or maria.olmedo@ med-uni.muenchen.de. temperature cycle, as if in an entrainment situation, or they were released to constant conditions (as shown in Fig. 1A , starting at 120 h) to reveal the circadian property called free-running rhythm, whereby daily oscillations persist in the absence of, for example, light or temperature cycles (24) .
We first tested if our protocol generated populations with synchronous, free-running circadian rhythms, by measuring RNA levels from nematodes harvested over 2 d after release into constant temperature (13°C). There exists a putative clock gene ortholog in C. elegans, namely lin-42 (F47F6.1). To date, lin-42 mRNA has not been found to be expressed according to a circadian rhythm; rather, its expression correlates with developmental stages such as larval transitions (25, 26) . In agreement with earlier work, we also found that this RNA species is expressed constitutively in adults, even after our synchronization protocol ( Fig. 1B and Fig.  S1 ). We then investigated expression of transcripts that had been reported as rhythmic in protocols that used higher amplitude temperature cycles (11) . Although the expression of many of these genes was dynamic (decreasing or increasing on release to constant conditions), only one of nine (B0507.8) (11) was significantly rhythmic ( Fig. 1C and Table S1 ), suggesting that this low-amplitude temperature cycle effectively entrains populations of C. elegans and that they have a free-running, circadian rhythm at the level of RNA transcription.
To extend our repertoire of rhythmic outputs, we asked if the redox state of PRX follows a circadian cycle. Recent reports show this protein, involved in hydrogen peroxide metabolism, oscillating between reduced and oxidized forms in organisms from all phyla, even in nonnucleated cells (27, 28) . C. elegans expresses at least two typical 2-Cys PRX genes, prdx-2 (F09E5.15) and prdx-3 (R07E5.2). The PRX active site is highly conserved in these proteins (Fig. S2 ), and an antiserum raised against the oxidized peptide DFTFVC*PTEI detects predominantly PRDX-2 ( Fig. S3 ). Protein extracts from animals released into constant conditions from temperature cycles The mRNA of the putative clock gene ortholog, lin-42, is not rhythmic in our cultivation protocol. lin-42 mRNA levels were measured by quantitative RT-PCR, and the results were normalized to the amount of act-4 mRNA and then to the sample with the highest expression level. The samples were collected for 48 h in constant conditions starting at 120 h after inoculation (red box in panel A). We express the timing of the harvesting protocol (x axis) as time from the end of the warm to cold transition at 120 h. The plot shows the average ± SEM of four biological replicates. (C) Quantitative RT-PCR was used to verify that the protocol supports circadian rhythms. The levels of mRNA corresponding to several transcripts, rhythmic under a different protocol (11) , are shown. The plots show the mean ± SEM of three biological replicates. A sinusoidal curve was fitted to the data for B0507.8 using Circwave (P < 0.01). Additional statistical analysis with Circwave and JTK-Cycle is shown in Table S1 . The results were normalized and x axes are labeled as for panel B.
showed statistically significant rhythms in this form of PRDX-2 ( Fig.  2A and Table S1 ). This rhythm represents a phylogenetically conserved molecular marker of the circadian clock in C. elegans. Interestingly, the expression of prdx-2 mRNA is not clock regulated ( Fig. 2B ). Given that we find daily rhythms in RNA and metabolism, we wanted to know if the clock is regulating quantifiable behaviors. In seemingly all circadian systems, sensory functions are clockregulated. Olfaction, for example, is regulated by the circadian clock in many animals (19) (20) (21) 29) . Indeed, it is one of the most robust behaviors described in this nematode (30) (31) (32) (33) and is a key component of fitness, as it guides between nutritious and pathogenic food choices (34) . Olfaction is typically assessed in C. elegans with a chemotaxis assay, whereby the animals are harvested from their culture plates and washed several times to remove the interfering effects of Escherichia coli. We developed a unique, quantitative, in situ assay for olfaction so that we could measure olfaction without perturbing the animals, thus avoiding possible masking (35) that might occur due to the washing step. Eggs were inoculated on a small drop of food (Fig. S4A) , and as described above, the developing animals were submitted to temperature cycles for 5 d (Fig. 1A) . The olfaction assay was initiated by applying a drop of 1-octanol (a chemorepellant for C. elegans) to one side of the food source. This odorant was chosen because it was the only compound for which chemotaxis could be demonstrated in the presence of E. coli among many odorants that were tested (Table S2) . At the end of the chemotaxis assay, a picture was taken showing the animals as they were distributed over the lawn of bacteria. Each picture was divided into a proximal and a distal half, and nematodes were counted to yield a Chemotaxis Index (CI; Fig. S4A ). The in situ assay was optimized for quantitative studies by comparing a dilution series of the odorant over assay end points from 5 to 60 min (Fig. S4B ). We determined that an end point of 15 min in combination with a 1/27 dilution of 1-octanol is optimal.
We applied this method to assay the aversive response to the chemical 1-octanol over the course of a day at constant temperature (Fig. 3A) . The animals showed lower responses in the subjective For each time series, the data were quantified by densitometry and normalized to the highest value within each blot. The x axes are labeled as described in Fig. 1B . The mean ± SEM for three biological replicates is shown. A sinusoidal curve was fitted to the data using Circwave (P < 0.01). Additional statistical analysis with Circwave and JTK-Cycle is shown in Table S1. (B) prdx-2 mRNA levels are not rhythmic under the same protocol used for protein quantification. The expression of prdx-2 was measured by quantitative RT-PCR. The results were normalized to the amount of act-4 mRNA and then to the sample with the highest expression level. The x axes are labeled as described in Fig. 1B . The plot shows the mean ± SEM of three biological replicates. night compared with the subjective day, yielding a fitted sine curve with high significance (P < 0.001). Interestingly, when the animals were assayed for chemotaxis under cycling temperature conditions, although they showed a similar pattern of increased responsiveness during the day, this increase in olfaction was extended longer and later than in constant conditions (Fig. 3B ). This suggests that the increase in temperature itself induces a masking effect or possibly that the chemical is more volatile at the higher temperature. Importantly, the chemotaxis increased before the onset of warm temperature, showing anticipation of the zeitgeber transition, a feature that is expected under appropriately structured circadian entrainment conditions.
Another feature of circadian clocks is how they behave in non-24-h entraining cycles. For instance, in cycles that are slightly shorter than 24 h, a circadian program would be expected to entrain later, whereas a masked or driven rhythm should show similar phase reference points relative to zeitgeber transitions. The imposition of a 23 h temperature cycle on the nematodes perturbs the entrainment such that-on release to constant conditions-a later phase of 1-octanol olfaction is observed on the first day in constant conditions (Fig. S6 ). The data from entrainment (in two different cycle lengths) and release to a free run suggest the presence of an underlying circadian oscillator regulating olfaction.
Much is known concerning the molecular aspects of olfaction. For instance, odorant receptors are a large family of G proteincoupled receptors (GPCRs) (36) [or highly homologous to these (37) ]. GPCRs, in turn, are often regulated by G protein-coupled receptor kinases (GRKs) and arrestins that facilitate desensitization of these molecules in mammals (38) . The genome of C. elegans contains two predicted GRKs, grk-1 (F19C6.1) and grk-2 (W02B3.2). GRK-2 regulates the response to 1-octanol in C. elegans, most likely through the phosphorylation of the correspondent GPCR (39), although the gene encoding the receptor for 1-octanol in C. elegans remains unknown. Furthermore, nematodes lacking GRK-2 function show disrupted chemosensation, including responses to 1octanol (40) due to the activation of inhibitory pathways that dampen signaling in the absence of GRK-2 (41). 1-octanol is detected by the ASH neurons when animals are on food (42) and transgenic expression of grk-2 in these cells in mutant animals restores ASH-mediated aversive behavior (40) . In Drosophila, the circadian rhythm in GPRK-2 abundance produces a rhythmic accumulation of odorant receptors that results in a corresponding circadian modulation of olfactory responses (21) . We therefore focused on the circadian regulation of grk-2 in C. elegans. We measured GRK-2 protein levels from animals grown in temperature cycles and subsequently harvested over 2 d at constant temperature (13°C). The abundance of GRK-2 shows a circadian pattern with a peak at the beginning of the subjective night ( Fig. 4A and Table S1 ). Interestingly, GRK-2 protein abundance and the olfactory response to 1-octanol are in antiphase, supporting the idea that GRK-2 acts as a negative regulator of the response to 1-octanol. The mRNA for grk-2 does not show circadian regulation (Fig.  4B) , demonstrating posttranscriptional regulation of protein abundance by the circadian clock in C. elegans. Oscillations in GRK-2 are consistent with a model in which rhythmic modulation of GRK-2 abundance results in circadian control of olfactory responses, as has been proposed for Drosophila (21) .
Discussion
Circadian clocks confer a fitness advantage in the cycling light environment (43) , presumably via the temporal structure that they create for processes ranging from gene expression to complex behavior such as sleep. The adaptive advantage of the clock in environments with neither light nor high-amplitude environmental cycles (such as in soil) is less obvious. Despite this, daily rhythms in blind cavefish were recently reported (44) . The circadian system of the cavefish Phreatichthys andruzzii is not entrained by light/dark cycles but rather to feeding time (once per 24 h), showing a characteristic increase in activity in anticipation of food. In the context of such a feeding protocol, rhythms in gene expression were also observed. In constant conditions, gene expression of this lightblind oscillator shows a very long free-running rhythm (47 h).
Over the last decade, there have been numerous reports of daily rhythms in the soil-dwelling nematode, C. elegans (6) (7) (8) (9) (10) (11) (12) , although the connection between molecules and behavior has been lacking. Reasons for this may include a lack of known clock gene homologs as starting points, a number of low-amplitude behavioral rhythms, and the use of conditions that are far from ecological. We noted that although C. elegans have no eyes, they retain some capability to sense light acutely (45) (46) (47) . However, because they also have no pigmentation, we adopted the hypothesis that they do not regularly encounter light and hence would not use light to entrain their circadian clock. Here, we have developed a protocol using temperature as a zeitgeber that entrains the clock through development. Evidence of this synchronization is shown here as rhythms in molecules and behavior upon release to constant conditions. In contrast to the cavefish (44) , the period of the nematode circadian rhythm is close to 24 h (Figs. 1C, 2A, 3A , and 4A and Table S1). Fig. 4 . GRK-2 protein and mRNA levels in constant conditions in C. elegans. (A) A representative immunoblot probed for GRK-2. After entrainment to a temperature cycle, the levels of GRK-2 protein show a circadian rhythm in free-running conditions (13°C, darkness) . The x axes are labeled as described for Fig. 1B . For each time series, the data were quantified by densitometry and normalized to the highest value. The mean ± SEM of four biological replicates is shown. To test for rhythmicity of the time series, a sinusoidal curve was fitted to the data using Circwave (P < 0.01). Statistic analysis with Circwave and JTK-Cycle is shown in Table S1. (B) grk-2 mRNA levels are not rhythmic under the same protocol used for protein quantification. The expression of grk-2 was measured by quantitative RT-PCR. The results were normalized to the amount of act-4 mRNA and then to the sample with the highest expression level. The x axes are labeled as described in Fig. 1B . The plot shows the mean ± SEM of three biological replicates.
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As has been reported for other animals, we found daily oscillations in olfaction (19, 29, 40, 48, 49) , suggesting that this sensory function has an important status in the circadian system. Regulation of olfaction by the circadian clock in nematodes has farreaching and ecologically important functions and is an indication of the adaptive nature of the clock in a dark-living animal, as they use olfaction to find appropriate food sources (34) and thus to orient themselves spatially in their environment. Like other animals, they use olfaction to find sexual partners (50) . In contrast to others, however, they cannot compare olfactory cues with visual ones. We presume therefore that they rely almost exclusively on olfaction for these behaviors, and the daily rhythms therein are significant. For instance, C. elegans are usually hermaphrodites, with males occurring rarely; thus, the clock should impact successful mating in nature, as this is initiated based on olfactory cues. Obviously, genetic diversity in a population will derive mainly from sexual reproduction, and our experiments predict that it would be easier for males to find hermaphrodites at certain times of day.
Daily oscillations in the accumulation of RNA suggest that circadian regulation in C. elegans will show similarities to other clock model systems, insofar as the clock regulates countless cellular subsystems via transcription. The lack of rhythmicity of the clock gene ortholog, lin-42, shown here as well as by others (11, 26) , is thus puzzling. However, even in metazoans that are more closely related, such as Drosophila and mice, orthologous "clock genes" can be regulated distinctly, with the proteins using alternative heterodimerization partners, for instance (51) . Therefore, C. elegans may use clock gene orthologs posttranscriptionally (without relying on transcriptional regulation), or they may have a unique set of transcription factors that are involved in this level of the molecular mechanism. Importantly, at the level of metabolism (redox state of PDRX-2), behavior (olfaction), and posttranscriptional levels of a protein (GRK-2), we find circadian rhythms in components or functions that oscillate in other clock model systems. We conclude that the nematode shares clock mechanisms at numerous levels with other life forms.
This work demonstrates that life in the dark is clearly not a life without relevant and effective temporal cues (zeitgebers). The pervasive effect of the sun permeates into dark compartments-it may do so in soil, caves, or the ocean via temperature (higher during day, lower at night), food sources (strata of biota varying according to depth), or moisture (more at night, less in the day). These nonphotic zeitgebers will be somewhat less precise than the perfect predictability of sunlight, but they are nevertheless reliable markers of daily transitions. The primary use of nonphotic zeitgebers could support evolution of biological clocks that use molecular processes differently relative to the light-regulated clocks that are typical of most clock model organisms. Thus, in addition to serving as a powerful tool for analysis of a simple clock network, the nematode may provide tools to study posttranscriptionally regulated clock mechanisms and components.
Materials and Methods
Strains and Experiemental Conditions. The N2 wild-type strain of C. elegans was used for all circadian experiments. The mutant strains VC289 and VC1151 (produced by the C. elegans Gene Knockout Consortium; www. celeganskoconsortium.omrf.org) were used to test the specificity of PRX-SO 2/3 antibody. For stock animals, strains were cultured according to standard methods (52) and were routinely maintained at 18°C on nematode growth medium (NGM) plates with a lawn of E. coli (OP50). For all experiments, the worms were grown to the stage of gravid adults, and eggs were prepared by the bleaching method. To start all of the experiments, eggs were placed in E. coli, and the plates were incubated in temperature cycles (16 h at 13°C and 8 h at 16°C). The same procedure was repeated after 12 h to create cultures in antiphase. This strategy allows collection of time points covering 24 h while harvesting over 12 h. After five cycles, the experiments were performed for 1 or 2 d in constant conditions (except when otherwise indicated). All of the manipulations with live animals in the "dark" were performed under a red safe light.
Quantitative Real-Time PCR (qPCR) Nematodes were collected from the plates every 4 h for 2 d in constant conditions (13°C, darkness) using cold M9 buffer, centrifuged, and washed one time to remove bacteria. Total RNA was isolated using TRIzol (Invitrogen), and cDNA synthesis was performed (30 min at 48°C) using Random Hexamers and MultiScribe Reverse Transcriptase (Applied Biosystems). Quantitative PCR analyses (SYBR Green PCR Master Mix, Applied Biosystems) were performed using a 7500 Real Time PCR System thermal cycler (Applied Biosystems). The reaction included denaturation (10 min at 95°C) and 40 PCR cycles (15 s at 95°C and 1 min at 60°C). The results for each gene were normalized to the corresponding results obtained with act-4 by the ΔCt method and then to the sample with the highest RNA level. Primers were designed using Primer Express Software (Applied Biosystems) (Table S3 ). Circadian rhythmicity was evaluated for each gene, and a sinusoidal curve was fitted to the data for B0507.8 using Circwave (by R. Hut, available at www.euclock.org).
In Situ Chemotaxis Assay. For the 1-octanol assay, NGM plates were inoculated with 15 μL of a concentrated E. coli culture (100 g wet weight/L) and allowed to dry overnight at room temperature. To start the experiment, about 100 eggs were placed in the E. coli drop, and the worms were grown for 5 d in temperature cycles (13°C to 16°C; as in Fig. 1A) in constant dim light. The chemotaxis assay was performed either during the sixth day in a temperature cycle or on the sixth day following release to constant temperature. Every hour, chemotaxis assays were initiated on naïve plates by placing 1 μL of 1octanol [3.7% (vol/vol) in ethanol] at a distance of 0.8 cm from the center of the E. coli drop. The plates were incubated for 15 min, at which point a picture was taken using a light microscope (10×, Stereo Discovery V8, Zeiss). The CI was calculated for each time point and each plate (Fig. S4) . A sinusoidal curve was fitted to the data using Circwave (by R. Hut, available at www.euclock.org).
Protein Preparation. Nematodes were collected using cold M9 buffer, centrifuged, and washed one time to remove bacteria. Proteins were extracted in Nonidet P-40 protein lysis buffer (150 mM NaCl, 1% Nonidet P-40, 50 mM Tris pH 8.0) containing protease inhibitors (Complete Mini, Roche) and a mixture of phosphatase inhibitors (PhosSTOP, Roche).
PRX Gel Electrophoresis and Western Blotting. We used NuPAGE Novex 4-12% Bis-Tris gradient gels (Life Technologies) and ran them using the manufacturer's protocol with a nonreducing Mes SDS buffer system. Protein transfer to nitrocellulose for blotting was performed using the iBlot system (Life Technologies), with a standard (P3, 7 min) protocol. Nitrocellulose was then washed briefly and then blocked for 30 min in 0.5% wt/wt BSA/nonfat dried milk (Marvel) in Tris buffered saline/0.05% Tween-20 (TBST). After three brief washes in TBST, membranes were incubated in antibody diluted in blocking buffer (0.5% milk/BSA) overnight at 4°C. The following day, membranes were washed for 5 min three times (in TBST) and then incubated with 1:10,000 HRPconjugated secondary antibody (Sigma-Aldrich) for 30 min. Four additional 10 min washes were performed before chemiluminescence detection using Immobilon reagent (Millipore) or ECL Plus reagent (GE Healthcare). To check for even protein loading, blots were probed for β-actin (Santa Cruz Antibodies, sc-47778), used at 1:5,000 in 0.5% milk/BSA. Antiserum against PRX-SO 2/3 (Abcam, ab16830) was used at 1:10,000 in blocking buffer.
GRK-2 Gel Electrophoresis and Western Blotting. Total protein (50 μg per lane) was subjected to SDS/PAGE on 7.5% gels and transferred to nitrocellulose using a Mini Trans-Blot Cell (Bio-Rad). Nitrocellulose was washed briefly, blocked for 1 h in 5% nonfat dried milk in TBST, and then incubated in 1:1,000 anti-GRK2/3 antibody (Upstate Biotechnology, clone C5/1.1) diluted in blocking buffer (5% milk in TBST) overnight at 4°C. The following day, membranes were washed three times in TBST for 15 min for each wash and then incubated with 1:5,000 HRP-conjugated anti-mouse antibody (Bio-Rad) for 1 h. After three 15 min washes with TBST, chemiluminescence detection was performed using SuperSignal West Pico Reagent (Pierce). To check for even protein loading, gels were stained with Coomassie Blue.
